A multidisciplinary study that includes processing of Landsat ETM+ satellite images, chemistry of gas condensed, mineralogy and chemistry of fumarolic deposits, and fluid inclusion data from native sulphur deposits, has been carried out in the Lastarria Volcanic Complex (LVC) with the objective to determine the distribution and characteristics of hydrothermal alteration zones and to establish the relations between gas chemistry and fumarolic deposits. Satellite image processing shows the presence of four hydrothermal alteration zones, characterized by a mineral assemblage constituted mainly by clay minerals, alunite, iron oxides, and more subordinated ferrous minerals and goethite. Hydrothermal alteration zones present in the Lastarria sensu stricto volcano are directly related to the recent fumarolic activity. Geochemistry of fumarolic gas condensed, obtained from two fumaroles at temperatures between 328 and 320 °C, has allowed detecting 37 diverse elements corresponding to halogens, chalcophiles, siderophiles, alkali metals, alkali earth metals and Rare Earth Elements (REE), with concentrations that vary widely between 5,620 ppm (chlorine) and 0.01 ppm (Mo, Ag, Sn, Pb, Se, Mg and Cr). Logarithm of Enrichment Factor (log EF i ) for each element present values between 6.35 (iodine) and <1 (K, Na, Ca, Fe and Al). Those elements are originated primarily from a magmatic source, whereas at shallow level a hydrothermal source contributes typical rock-related elements, which are leached from the wall rock by a strong interaction with hyperacid fluids. Mostly of elements detected are transported to the surface in the fumarolic emissions as gaseous species, while very few elements (Mg, Ca and Al) are transported in silicate aerosols. A wide spectrum of minerals are present in the fumarolic deposits, which are constituted by sublimates and incrustations, and the main minerals phases are distributed in six mineral families, corresponding to sulphates, hydrated sulphates, sulphides, halides, carbonates, silicates and native element minerals. The sublimate/incrustation minerals are dominated by the presence of sulphate, sulphur, chlorine and diverse rock-related elements, which are formed by processes that include a. oxidation of gaseous phase; b. strong rock-fluid interaction; c. dissolution of silicate minerals and volcanic glass; d. gas-water interaction; e. deposition/precipitation of saline bearing minerals; f. oxidation of sublimates/incrustations to form secondary minerals and g. remobilization of sulphur deposits by meteoric water. Despite that sublimate/ incrustation minerals are dominated by rock-related elements, its chemistry shows high contents of high-volatile elements as As, Sb, Cd, among others. Fluid inclusions studies carried out in thin pseudobanded native sulphur from fumarolic deposits, by use of Raman and infrared spectroscopy combined with microthermometry analyses, provided evidence of H 2 O, CO 2 , H 2 S, SO 4 , COS bearing fluids, homogenization temperatures around 110 °C and salinities varying from ~11 to ~7 wt% NaCl. Fluid inclusions data show also evidences of a mixing (dilution) between hot and saline fluid with a cooler fluid (cold groundwater or a steam-heated water) as the main process. et al. / Andean Geology 43 (2): 166-196, 2016 RESUMEN. Alteración hidrotermal, depósitos fumarólicos y fluidos del Complejo Volcánico Lastarria: Un estudio multidsciplinario. Un estudio multidisciplinario que incluye el procesamiento de imágenes satelitales Landsat ETM+, geoquímica de gas condensado, mineralogía y química de depósitos fumarólicos y datos de inclusiones fluidas en azufre nativo, ha sido llevado a cabo en el Complejo Volcánico Lastarria con el objetivo de determinar la distribución y características de las zonas de alteración hidrotermal y establecer las relaciones existentes entre la química de la fase gaseosa y los depósitos fumarólicos. El procesamiento de imágenes satelitales muestra la presencia de cuatro zonas de alteración hidrotermal, caracterizadas por una asociación mineralógica constituida principalmente por minerales de arcilla, alunita, óxidos de hierro, y de forma más subordinada, minerales ferrosos y goethita. Las zonas de alteración hidrotermal presentes en el volcán Lastarria sensu stricto están directamente relacionadas con la actividad fumarólica reciente. La geoquímica del gas fumarólico condensado, obtenida desde dos fumarolas a temperaturas entre 328 y 320 ºC, ha permitido detectar 37 elementos, correspondientes a halógenos, calcófilos, siderófilos, metales alcalinos, metales alcalino térreos y tierras raras, con concentraciones que varían ampliamente entre 5.620 ppm (cloro) y 0,01 ppm (Mo, Ag, Sn, Pb, Se, Mg y Cr). El logaritmo del factor de enriquecimiento (log EF i ) para cada elemento presenta valores entre 6,35 (yodo) y <1 (K, Na, Ca, Fe y Al). Estos elementos han sido originados primariamente desde una fuente magmática, mientras que a niveles someros una fuente de tipo hidrotermal contribuye con elementos típicamente relacionados con rocas, los que son lixiviados desde la roca de caja por una fuerte interacción con fluidos hiperácidos. La mayoría de los elementos detectados son llevados a la superficie en las emisiones fumarólicas como especies gaseosas, mientras muy pocos elementos (Mg, Ca y Al) son transportados en aerosoles de composición silicatada. Una gran gama de minerales están presentes en los depósitos fumarólicos, los que están constituidos por sublimados e incrustaciones, y las principales fases mineralógicas están distribuidas en seis familias de minerales, correspondiente a sulfatos, sulfatos hidratados, haluros, carbonatos, silicatos y minerales de elementos nativos. Los minerales sublimados e incrustaciones están dominados por la presencia de sulfato, azufre, cloro y diversos elementos típicamente presentes en rocas, los que son formados por procesos que incluyen la a. oxidación de fase gaseosa; b. fuerte interacción roca-fluido; c. disolución de minerales silicatados y vidrio volcánico; d. interacción gas-agua; e. depositación/precipitación de minerales salinos; f. oxidación de sublimados/incrustaciones para la formación de minerales secundarios y g. removilización de depósitos de azufre por agua meteórica. A pesar de que los sublimados/ incrustaciones están dominados por elementos relacionados con rocas, la geoquímica de estos depósitos muestra altos contenidos de elementos altamente volátiles tales como el As, Sb, Cd, entre otros. Estudios de inclusiones fluidas llevadas a cabo en azufre nativo pseudobandeado proveniente de depósitos fumarólicos, mediante el uso de Raman y espectroscopía infrarroja combinado con análisis microtermométricos, han evidenciado la presencia de fluidos dominados por H 2 O, CO 2 , H 2 S, SO 4 , COS, temperaturas de homogeneización de unos 110 ºC y salinidades que varían desde ~11 a ~7 wt% NaCl. Los datos de inclusiones fluidas también muestran evidencias de mezcla (dilución) entre un fluido salino y caliente con un fluido más frío (agua subterránea fría o agua vapor-calentada) como proceso principal.
Introduction
The global comprehension of the fluids circulation in an active volcanic system allows determining the origin, nature and evolution of those fluids, where is especially important to detect and understand the different processes involved in the evolution of fluids from its deep original sources to the surface. Some of those processes include gas-rock, gas-water, gasgas and gas-atmosphere interaction, condensation and sublimation of the gaseous phase, which play fundamental roles in the gaseous phase composition emitted to the surface, but also in the products associated, like composition and extension of the hydrothermal alteration zones, mineralogical assemblage related to fumarolic deposits, among others. Diverse works have been focused in a. to relate the fluids composition with its evolutive pattern (e.g., Giggenbach, 1991 Giggenbach, , 1996 Giggenbach, , 1997 ; b. composition of gaseous phase condensed (e.g., Taran et al., 1995) ; c. composition of fumarolic deposits and sublimates (e.g., Africano and Bernard, 2000) ; d. relation between gaseous phase-condensates composition and sublimate mineral assemblage (e.g., Taran et al., 2001; Zelenski et al., 2013) ; e. distribution and composition of hydrothermal alteration both direct and remote techniques (e.g., Mia and Fujimitsu, 2012) , and f. the relations between fluids composition and composition-distribution of the hydrothermal alteration (e.g., Africano and Bernard, 2000; Scher, 2012) . To relate adequately and precisely fluids and its products (e.g., fumarolic deposits, hydrothermal alteration) a detailed study based on fluid composition (gas and condensed phases composition), sublimated and condensed mineral assemblage, and hydrothermal alteration composition-distribution has to be carried out.
One of the active volcanic systems which present active fumarolic emissions, abundant fumarolic deposits and extensive hydrothermal alteration zones is the Lastarria Volcanic Complex (LVC), located in the southern portion of Central Andes, in the border between Chile and Argentina (Fig. 1) . LVC (25.185º S-68.507º W, 5,706 m a.s.l.) is a polygenetic complex constituted by three volcanic structures corresponding to ( Fig. 1 ; Naranjo, 1992 Naranjo, , 2010 : a. Negriales lava field, located in the SW portion of the complex and constituted by a succession of lava flows emitted from a single eruptive centre; b. Espolón Sur (or Southern Spur), a stratovolcano located in the SSW portion of the complex and oriented in a NS trend; c. Lastarria sensu stricto (Lastarria ss), is the main volcanic edifice and actually active, which is linked in its southern flank with the Espolón Sur at ~5,500 m. Lastarria ss hosts four fumarolic fields (Fig. 2a, b ), which present active fumarolic vents and extensive fumarolic deposits, mainly constituted by native sulphur (Naranjo, 1985 (Naranjo, , 1988 . Fumarolic fluids are emitted from different types of vents, which correspond to: a. fractures (~1×0.5 cm; Fig. 2c) ; b. chimneys-like (15 cm high and 7 cm in diameter); c. cone-like vents so called "hornitos" (up to 2 m diameter; Fig. 2c) ; d. funnel-like vents (up to 2.5 m diameter) (Naranjo, 1985; Aguilera, 2008) . All those vents present abundant yellow, orange, red and black sulphur deposits, related to sublimation and solidification from liquid sulphur flows and pools (Fig. 2e, f; Naranjo, 1985 Naranjo, , 1988 Aguilera, 2008) . Extensive sulphur flows have been observed from fumarolic fields 1 and 3 (Fig. 2g ), characterized by a maximum length of ~350 m, and a ropy morphology type "pahoehoe" (Naranjo, 1985 (Naranjo, , 1988 . LVC has been affected by an extensive ground deformation, which covers an area of ~45×37 km, including also the totally of the Cordón del Azufre volcanic complex, located immediately at south of LVC. Maximum inflation rate has been calculated in ~2.5 cm/yr and related to at least five probably processes, four of them developed in an over-pressured magmatic reservoir: a. magma injection; b. thermal expansion due to assimilation of wall rock; c. thermally induced volatile expansion produced by fractional crystallization; d. lateral expansion due to the intrusion of a sill-like magmatic body (Pritchard and Simons, 2004; Froger et al., 2007; Ruch et al., 2008; Anderssohn et al., 2009 ); e. a fifth hypothesis is related to a pulse of heat from the magmatic system on an overlying hydrothermal aquifer without changes in magma reservoir volume (Froger et al., 2007) . Additionally, a limited ground deformation (~9 mm/yr) affects an area of 6 km 2 , and has been related to an overpressured source (e.g., hydrothermal aquifer) lying 1,000 m below Lastarria ss edifice (Bonvalot et al., 2006; Froger et al., 2007) .
Diverse studies have been carried out in the LVC related with fumarolic fluids geochemistry (Aguilera et al., 2008 (Aguilera et al., , 2009 (Aguilera et al., , 2012 , magmatic volatiles (Rodríguez et al., 2013) , rock geochemistry (Naranjo, 1992 (Naranjo, , 2010 Trumbull et al., 1999) , eruptive products (Naranjo, 1992 (Naranjo, , 2010 , and sulphur deposits and flows (Naranjo, 1985 (Naranjo, , 1988 . However, very few information exist about the mineralogy related to fumarolic deposits and characteristics of the alteration zones. In this work we present a detailed multidisciplinary study based on processing of Landsat ETM+ satellite images, chemistry of gas condensed, mineralogy and chemistry of fumarolic deposits, and fluid inclusion data from native sulphur deposits, with the objective to determine the distribution and characteristics of hydrothermal alteration zones and to establish the relations between gas chemistry and fumarolic deposits.
Geological Setting
LVC has been built over a basement constituted exclusively by volcanic rocks with an age that vary from Upper Miocene to Upper Pleistocene, corresponding mostly to andesitic-to-dacitic, and subordinated basaltic andesites, lava flows and domes (Naranjo and Cornejo, 1992; Naranjo, 2010) . Additionally, pyroclastic rocks, corresponding mainly to dacitic ignimbrites, and more subordinated to andesitic pyroclastic cones, are also present (Naranjo and Cornejo, 1992; Naranjo, 2010) .
According to Naranjo (1992 Naranjo ( , 2010 , the evolution of LVC can be divided according to the distribution of its three main structures: Negriales lava field: Correspond to the oldest volcanic structure (>400-116±26 ka), built in three eruptive stages and is constituted by diverse lava flows and a single lava dome, which compositions varies from andesite to dacite. The lavas correspond to the typical blocky lavas, and are very well preserved, being clearly observed its longitudinal flow ridges (ogives) and levees. Espolón Sur: Built contemporary to the last stage of Negriales lava field (150±50 ka), is constituted by two craters from which have been emitted diverse andesitic lava flows. Lastarria sensu stricto (ss): Is the main volcanic structure of the LVC, actually active, and its construction begins contemporary to the Negriales lava field (260±20 ka). This edifice is constituted by five craters, which have migrated from south to north. Its evolution has been divided in 10 stages, which eruptive products corresponding mainly to andesitic-to-dacitic lava flows, domes, pyroclastic flows and pyroclastic fall deposits. Additionally, two avalanche deposits have been identified in its SE flank. The youngest unit with known age has 2,460±50 ka, nevertheless, at least one younger pyroclastic deposit has been identified. There are no records of historical activity, and since the end of nineteenth century a permanent fumarolic activity is known (Casertano, 1963; González-Ferrán, 1995) .
Sampling, analytical and processing methods

Condensates, minerals and rock sampling procedures
Fumarolic vapour condensate samples were obtained from two sites located in the lower part of fumarolic field 1 (Fig. 2a) in November 2014. Pure condensates (for the analysis of major and trace elements, and REE in water vapour) were sampled using a 1 m long titanium tube (Ø=2.5 cm) that was inserted into the fumarolic vent and connected to the quartz-glass dewar tubes. Subsequently, a glass water-cooled condenser was attached to collect aliquots (using plastic bottles 125 ml) of condensable water vapour (condensate), following the procedure reported by Montegrossi et al. (2001) and Vaselli et al. (2006) .
Rocks and minerals from the fumarolic deposits were sampled in diverse parts of fumarolic field 1 (Fig. 2a) . Five rock/mineral samples were taken, where the mineral samples correspond to fumarolic incrustations and/or minerals sublimated, the former produced by gas condensed and then cooled to form minerals, while the last formed directly from the gas phase by vapour deposition processes (Africano and Bernard, 2000) . Two minerals samples were taken directly from fumarolic deposits (incrustations and/or minerals sublimated), without host rock fragments. The five samples were split to perform X-Ray Diffraction (XRD) and geochemistry analysis (potassium, trace elements and REE), while two samples of sulphur obtained from the fumarolic deposits were separated to perform fluid inclusions analysis. Boron, a wide spectrum of trace elements (Ag, Al, As, Ba, Be, Cd, Co, Cr, Cs, Cu, Fe, Hf, Mn, Mo, Ni, P, Pb, Rb, Sb, Se, Sn, Sr, Ta, Th, U, V, Zn) and Rare Earth Elements or REE (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) were analysed via Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Analytical error was ≤5%.
Analytical procedure
Rocks and mineral samples were analyzed by a combination of AAS and ICP-MS methods to determine a wide spectrum of trace elements (Al, As, Ba, Co, Cr, Cs, Cu, Hf, K, Mo, Nb, Ni, Pb, Rb, Sb, Sr, Ta, Th, U, V, Y, Zn) and ICP-MS for REE (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) . Analytical error was ≤5%.
Mineral powder samples were analyzed via X-Ray Diffractometer (XRD). The samples were pulverized with an agate pestle and mortar to <75 mm, being consequently mounted in aluminum holders. Diffractometer was operated with an accelerating voltage of 40 kV and a filament current of 30 mA, using CuKα radiation and graphite monochromator. The samples were measured over a 2θ angle of 2-70° in steps of 0.02° and 2 s integration time.
Fluid inclusion analysis was performed in two doubly polished sections of native sulphur crystals from the fumarolic deposits, where the samples are laminated and murky massive. Microthermometric measurements were performed on a Linkam THMSG 600 heating-freezing stage at the Centro de Geociencias (UNAM, Mexico). Only primary fluid inclusions were studied; fluid inclusions with microscopic evidence of leakage and necking-down were not measured. Usually the necking-down process is observed in various inclusions, probably due to dissolution precipitation process. Isolated, clustered, scattered, and randomly distributed fluid inclusions are considered primary. Pseudosecondary and secondary fluid inclusions occur along a fracture that crosscuts partial and the entire crystals.
Micro-Raman spectra were obtained from liquid and gas, and gas-rich inclusions in native sulphur crystals. For that purpose, a confocal Raman microscope Almega XR Raman device (Nd: YVO 4 laser) was used for all measurements, at Centro de Ciencias Aplicadas y Desarrollo Tecnológico (UNAM, Mexico). The measurements use laser at 532 nm, 50 mW, collection time 10 s, and range 0-4,000 cm -1 . Further Fourier Transform Infrared (FT-IR) spectroscopy (e.g., Linnen et al., 2004) were used to determined analysis of volatile-bearing inclusions. The analyses were performed on a Bruker Tensor 27 coupled with a Hyperior at Centro de Geociencias (UNAM, México). The spectra shown in absorbance units and wavenumbers (cm , in the mid-IR region. The Raman spectroscopy characterization of liquid and gaseous compounds, solid phases, and solute species in fluid inclusions is supported by studies and catalogs of reference spectra for main phases (Bény et al., 1982; Harvey and Butler, 1986; Dubessy et al., 1989; Rosso and Bodnar, 1995; Burke, 2001; Baumgartner and Bakker, 2009; White, 2009; Frezzotti et al., 2012; Levresse et al., 2016) .
The absorption band of FTIR spectra representative of components and solutes in fluid inclusions were identified through various references e.g., 900-1,500 cm -1 (for SO 4 2− and HSO 4 − ; Fortin et al., 2002; Oppenheimer and Kyle, 2008) , 1,010-1,240 and 2,440-2,780 cm -1 (for SO 2 ; Giuliani et al., 2003; Oppenheimer and Kyle, 2008) , 1800-2,850 cm -1 (for H 2 S; Giuliani et al., 2003) , 2,020-2,400 cm -1 (for CO, CO 2 , and COS; Linnen et al., 2004; Oppenheimer and Kyle, 2008) and near 3,200-3,700 (for H 2 O; Dereppe et al., 1994; Linnen et al., 2004) . The native sulphur key wavebands were 550-950 cm -1 , with strong bands in the range 800-950 cm -1 (Eckert and Steudel, 2003; Giuliani et al., 2003) .
Satellite image processing
One Landsat Enhanced Thematic Mapper Plus (ETM+) was downloaded from the Long Term Archive (LTA) at the National Center for Earth Resource Observation and Science (EROS). http:// earthexplorer.usgs.gov/ (last visit 12/04/2016). The image corresponds to the path/row 233/077, which covers the southern part of Antofagasta Region, northern Chile, in the border between Chile and Argentina. This image corresponds to a Systematic Terrain Correction Image (Level 1T), which has been radiometric and geometrically corrected, and a subset was applied to limit the study area and facilitate its processing. The image subset was primarily processed for atmospheric corrections. Subsequently, different processes were applied to the image (Fig. 3 ), corresponding to a. band ratios; b. principal components analysis (PCA) to obtain the Crosta image; and c. LS-Fit, with the objective to determine the distribution of the hydrothermal alteration zones related to LVC and to characterize its mineral assemblage.
Hydrothermal alteration distribution
Band ratios
Band ratios and arithmetical calculations (indices) have been techniques widely used in remote sensing with the objective to better detect particular features in satellite images, like Normalized Difference Vegetative Index (NDVI) or Normalized Difference Snow Index (NDSI), which allow to detect and to evaluate presence and quality of vegetation and snow, respectively (e.g., Rouse et al., 1973; Salomonson and Appel, 2004) . Particularly, band ratios have been extensive applied due to its capacity to highlight and enhance differences that cannot be observed in the original single bands, and to reduce or minimize the effects of different environmental factors like topographic slope, shadows, seasonal changes in sunlight angle and intensity, among others (e.g., Jensen, 1996; Sabins, 1997) . Band ratios have been successfully applied in mineral exploration, especially in the mapping of alteration zones (e.g., Segal, 1983; Knepper and Simpson, 1992; Sabins, FIG. 3 . Processing routine applied to the Landsat ETM+ image from LVC. 1999), and have been extended to detect alteration zones in volcanic systems (e.g., Mia and Fujimitsu, 2012) . The most suitable band ratios for detection of hydrothermal altered rocks correspond to ( Fig. 3 ; Sabins, 1999) : a. 5/7 ratio, which is able to distinguish altered rocks mostly containing clays, but additionally alunite; b. 3/1 ratio, high values of this ratio are measured in outcrops with iron-stained hydrothermally altered rocks, corresponding mainly to iron oxides.
The colour composite 742 (RGB) image from the study area (Fig. 4a) shows different areas related to LVC with high reflection values, which two have been previously mapped as hydrothermal altered zones (Naranjo, 2010) , corresponding to Lastarria NE and Espolón sur, whereas another two zones correspond to fumarolic fields area (Lastarria ss) and Lastarria S, the last a probably altered zone previously observed during our field campaign. Despite of these evidences, the colour composite image is not able to distinguish clearly hydrothermal altered zones and/or mineral assemblage related to hydrothermal activity. Band ratio images from the study zone, specifically 5/7 ratio (Fig. 4b) , indicate clearly that in the four zones are present clay minerals, being very intense anomalies, except in the Lastarria S area, where the intense of the anomaly is more limited. The second band ratio, corresponding to 3/1 ratio ( Fig. 4d) , shows presence of iron oxides in all zones, except in Lastarria S, where does not exist or its presence is very limited. In the Lastarria NE area the anomaly is intense and very extended, whereas in the Espolón sur is intense in the border of the anomaly, decreasing to its inner area. The fumarolic fields present an intense anomaly, especially in the NW fumarolic field, but limited in its extension. A typical band ratio used to compare and form diverse colour composite images is 5/4 ratio, which is able to detect ferrous minerals as magnetite and hematite (Fig. 3) , the last a typical replacement product from the former in hydrothermal environments (e.g., Browne, 1982; Wohletz and Heiken, 1992) . In the 5/4 ratio image (Fig. 4c ) ferrous minerals were detected only in the Lastaria NE and Espolón sur, being the last very limited in its extension. Two colour composite images were produced using band ratios to better detect hydrothermal alteration zones and to determine its extension, corresponding to mineral and hydrothermal composite images. Mineral composite image combined as 5/7, 5/4, 3/1 (RGB ; Fig 4e) shows the four interesting zones with different colour appearances according to the mineral assemblage detected with the band ratios. Almost the totally of Lastarria NE area appear as a white zone, which indicate that clay minerals, iron oxides and ferrous minerals have been extensively detected. Pale red to pink zones localized mainly in the border of the anomaly, are related to the presence of clay minerals and iron oxides, and the absence of ferrous minerals. Presence of abundant clay minerals, combined with some iron oxides, has produced an intense magenta colour anomaly in the Fumarolic fields area. Similar but less intense anomaly is observed in the Lastarria S area, where clay minerals are present, but the presence of iron oxide is doubtable. The Espolón sur anomaly area has a more heterogeneous distribution, with abundant and extensively distributed clay minerals, but with very limited presence of ferrous minerals, restricted to the central portions of the anomaly (pale yellow zones), and occurrence of iron oxides, especially in the edges of the anomaly, where is more abundant (pale pink zones). 5/7, 3/1, 4/3 RGB combination image ( Fig. 4f) , called as hydrothermal composite image, shows similar patterns in the anomalies like has been observed in the mineral composite. Lastarria NE hydrothermal alteration is constituted by clay minerals and iron oxides (white and pale yellow zones), clay minerals (magenta to pale pink zones) present in limited areas with±iron oxides in the Fumarolic fields (fumarolic field 1 or NW) and Espolón sur (edges), while in Lastarria S, only presence of clay minerals.
Crosta method
Crosta and Moore (1989) originally introduced the Crosta method, with the objective to mapping soils and outcrops hydrothermally altered, using the Principal Components Analysis (PCA) of spectral bands from Landsat TM images. PCA is a technique that reduces dimensionality correlated multispectral data. According to Singh and Harrison (1985) , this analysis is based on a multivariate statistical technique that selects uncorrelated linear combinations (so-called eigenvectors loadings) of variables in such a way that each successively extracted linear combination (so-called principal components or PC) has a smaller variance. Consequently, PCA allow removing redundancy in multispectral data (Poormirzaee and Oskouei, 2010) . Crosta technique principle is based in the analysis of the eigenvectors loadings (eigenvalues), which allow identifying the principal components that contain spectral information about specific minerals and the contribution of each of the original bands to the components in relation to the spectral response of the materials of interest, like rocks, soils, among others, where the materials are represented as bright or dark pixels according to the magnitude and sign of the eigenvalues (Poormirzaee and Oskouei, 2010) . Different features can be detected and discriminated using the Crosta method, where the hydrothermally altered zones can be recognized by detection of clays minerals and iron oxides. Clay minerals (so-called as hydroxyls) present an absorption window in band 7 of Landsat TM and ETM+ images, whereas a very high reflectance in band 5 of the same images. On the other hand, iron oxides minerals show a strong absorption in band 3 and a strong reflection in band 1. Consequently, the principal components transformation on bands 1, 4, 5 and 7 is used to detect clay minerals, where the principal component 4 (PC4) corresponds to the "hydroxyl image" or H image, whereas PCA on bands 1, 3, 4 and 5 is used for iron oxide minerals, being the PC4 called "iron oxide image" or F image (Fig. 3) . Results of PCA in Landsat ETM+ image from LVC are shown in the Tables 1 and 2 . In both cases, the PC1, PC2 and PC3 are excluded due that they reflect the albedo and topography information, vegetation and the differences between the spectral data in the VNIR and SWIR bands, respectively (Carranza and Hale, 2002) . In the case of LVC images, PC2 cannot be related to vegetation, due to very dry environment that dominates the area, and consequently, vegetation is absent. In fact, loadings for PC2 on band 4 shows very low values or negative values (Table 1 , 2), which could be related to the absence of vegetation. Detection of clay minerals has been based on PC4 results, which presents high loadings, especially for band 7 (0.7899835), but the same sign (positive) for band 5 (Table 1 ). The last imply that clay minerals will appear as bright pixels (Fig. 5a ). Accordingly, two very restricted areas show presence of clay minerals, the fumarolic fields area, especially the fumarolic field 1, and scattered zones in the Lastarria NE (Fig. 5a ). In the case of iron oxide minerals, similarly than clay minerals, its detection has been based in PC4 results, with high and positive loadings for band 3 (0.915859) and opposite sign (negative) for band 1 (Table 2) , where the positive sign on the loading on band 3 shows iron oxides as bright pixels (Fig. 5b) . Iron oxide minerals are widely present in Lastarria NE and Espolón sur areas (Fig. 5b ). Crosta image is constituted by the "hydroxyl image" or H, representing clay minerals, "iron oxide image" or F, and the mathematical arrangement formed by H+F (Fig. 3) . Consequently, the image is formed by a colour composition of H, H+F, F in RGB. Crosta image of LVC (Fig. 5c ) shows clay minerals zones as bright yellow pixels, which are present in fumarolic fields area and very restricted in Lastarria NE, whereas blue pixels represent iron oxides minerals, present in Lastarria NE and Espolón sur areas.
LS-Fit method
Least square fitting method (LS-Fit) performs a linear band prediction using least-squares fitting technique, which is used to find regions of anomalous spectral response in a dataset, like clay minerals and iron oxides (Poormirzaee and Oskouei, 2010; Mia and Fujimitsu, 2012) . It calculates the covariance of the input data and is used to predict the selected band as a linear combination of the predictor bands plus an offset (Haroni and Lavafan, 2007) . The (Mia and Fujimitsu, 2012) . The images were obtained using six of the seven bands from the Landsat ETM+ image, where thermal infrared (TIR) band (band 6) was excluded. Those bands were used as an input, whereas band 7 was used as a modelled band. The resultant image corresponds to an image that highlights clay minerals (Fig. 3) . When the band 3 is used as a modelled band, the resultant image is able to discriminate ferrous iron oxides, being preferred highlighted minerals as hematite (Fig. 3; Haroni and Lavafan, 2007) . Finally, using residual band 1 is possible to distinguish zones with presence of goethite ( Fig. 3; e.g., Poormirzaee and Oskouei, 2010; Mia and Fujimitsu, 2012) . Band 7 modelled image (Fig. 6a) shows that Lastarria NE, Fumarolic fields and Espolón sur areas present abundant clay minerals, like have been observed previously with the band ratios, mineral and hydrothermal composite images (Fig. 4b, e, f) . In the case of Lastarria S, the occurrence of clay minerals seems to be more restricted, being even more poorly detected than 5/7 band ratio (Fig. 4b) . Ferrous iron oxides detection using the band 3 modelled (Fig. 6b) indicates that those type of minerals are present in all areas, with the exception of Lastarria S where is absent, similarly to 5/4 and 3/1 ratios (Fig. 4c, d ) used to detect ferrous and iron oxide minerals, respectively. Band 1 residual results, used to detect goethite in hydrothermal altered zones, generated dark pixels for anomalous sites. Consequently, to improve the visualization of the results, the image was negated, showing anomalous zones as brightest pixels (Fig. 6c) . Areas with presence of goethite are very restricted in its extension, appearing in the Lastarria NE area as isolated pixels mainly clustered in the central portion of the anomaly zone, whereas in Espolón sur, concentrated in the central portion of the hydrothermally altered zone. In the case of the Fumarolic fields area, only the fumarolic field 1 (NW fumarolic field) shows presence of goethite, almost in the totally of this fumarolic field area. In the composite colour image formed by band 7 modelled, band 3 modelled and band 1 residual (RGB; Fig. 6d ), hydrothermally altered zones with clay minerals+ferrous iron oxides appear as pale yellow pixels, whereas clay minerals+ferrous iron oxides+goethite as white pixels, and exclusively clay minerals zones can be observed as yellow-orange pixels (e.g., Lastarria S).
Gas geochemistry
Condensates from fumarolic fluids
Condensates samples of high temperature fumaroles provide a first approximation of the type of species (and consequently its concentrations) released from the magma during degassing (Taran et al., 1995) . However, presence of meteoric water that circulates to a depth sufficient to be heated and then vaporized can carry solutes, which may also be incorporated to the original magmatic vapours, masking its original composition (Taran et al., 1995) . Consequently, only high temperature fumaroles are chosen to perform condensates sampling and analysis, with the objective to avoid the meteoric fluids influence (Taran et al., 1995; Zelenzky et al., 2013) . According to Aguilera et al. (2012) , LVC present two types of fumaroles, low (≤96.1 °C) and high (≥120 ºC) temperature, where the hottest fumarolic discharged measured was 408 ºC, lower than typically presented in diverse studies, which cover a range between ~500 and ~1,100 °C (e.g., Tedesco and Toutain, 1991; Symonds et al., 1992; Zelenski et al., 2013) . Nevertheless, δ 18 O-δD isotope data from LVC fumarolic discharges (Aguilera et al., 2012) show a very limited contribution of meteoric water, even in low temperature fumaroles, which implies that LVC condensates data can be used confidently, where the addition of solutes from external source can be assumed as negligible.
The most suitable approach to represent variations in the composition of volcanic condensates is the enrichment factor (EF), which also allows determining the contributions of the volatile and particulate fractions to the total amount of an element in a volcanic gas (Zoller et al., 1974; Lepel et al., 1978) . The EF of an i element is represented as:
where E i is the concentration of an i element present in both vapour condensate and rock hosting the fumarole, and R is a non-volatile reference element used for normalization. The most used element for non-volatile reference is Mg, due to its low-volatility, abundance, and its concentration in condensates is independent of temperature (Symonds et al., 1990 (Symonds et al., , 1992 Yudovskaya et al., 2008) . However, different low-volatile elements can be used as reference, like Al (e.g., Zoller et al., 1983) , Ti (e.g., Symonds et al., 1987) , Sc (e.g., Olmez et al., 1986) , and Th (e.g., Calabrese et al., 2011) . Data from LVC condensates are presented in the Table 3 , and rock reference data in the Table 4 . Rock reference compositions were extracted of LVC lavas and pyroclastic rocks from Naranjo (1992 Naranjo ( , 2010 and Trumbull et al. (1999) . For elements absent in the previous references, specifically Fig. 2; Table 3 ). Despite of similitude in the outlet temperature, differences are observed in the pH, elements detected and its concentrations (Table 3) . Last_Cond_1 sample has a pH 1.37, 37 elements were detected, with concentrations that vary widely between 5,620 ppm for chlorine to 0.01 ppm for Mo, Ag, Sn, Pb, and Se. Six family of elements were detected in that sample, being the chalcophile elements the more abundant (10 elements), followed by REE (6 elements), alkali metals (4 elements), halogens, siderophiles and alkali earth metals (3 elements), and 8 other elements. Elements with higher concentrations correspond to Cl 5,620 ppm, I 2.05 ppm and Br 2.08 ppm (halogens), S (expressed as sulphate) 2,160 ppm and As 1,234 ppm (chalcophiles), Rb 1.5 ppm and Sr 2.66 ppm (alkaline metal and alkaline earth metal, respectively), and nitrate 145 ppm (other element). Last_Cond_2 sample has a pH 5.74, only 17 elements were detected, less than half of the other sample, pertaining to the same six elements families detected previously (4 alkali metals, 3 alkali earth metals, 3 halogens, 3 chalcophiles, 1 siderophile, 1 REE, and 2 other elements). Concentrations have more limited range from 296 ppm (Cl) to 0.1 pm (Mg and Cr). The concentrations are lower in 9 elements, one element presents the same concentration (Na), and 6 elements have higher concentrations, corresponding to alkali metals, alkali earth metals, siderophiles and REE. The differences in pH values, number of elements detected and its concentrations could be attributed to a. different volume of sample, being 125 and 30 ml of condensate for Last_Cond_1 and Last_Cond_2, respectively; b. less flow in the fumarole where Last_Cond_2 was sampled; c. secondary processes that could affect the original condensate composition in the fumarole where Last_Cond_2 was sampled, like more intense gas-rock interaction, which probably explain the higher concentrations of typical rock components as alkali metals and alkali earth metals, and dilution by gas-meteoric water interaction, probably represented by a higher pH.
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According to Fig. 7a, b , log EF i values are so far >1, where in the case of Last_Cond_1 sample, 30 elements presents log EF i values >2 and a maximum of 6.35 for iodine, whereas in the Last_Cond_2 sample, 12 elements have log EF i values >1.5, with a maximum of 5.59 for caesium. Elements with log EF i values between 0 and 1 corresponding to lowvolatile elements that derive from rock particles eroded from the conduit walls and subsequently incorporated to the high temperature vapour. On (Fig. 7a, b) , which is interpreted as derived from a deep source. However, elements normally derived from the host rock, like REE and some alkali earth metals as Sr, show log EF i values over 2 (Fig. 7a, b) , a contrary behaviour as observed in other arc-related volcanoes (Taran et al., 1995 (Taran et al., , 2001 Zelenski et al., 2014) . The higher enrichment of those elements in LVC condensates could be related to the incorporation of hydrothermal fluids in the high temperature fumaroles. Hydrothermal fluids are originated from the interaction of magmatic fluids with the host rock and/or shallow aquifers at reduced conditions (Giggenbach, 1996) , and consequently, incorporation of solutes from the rock/meteoric sources can occur effectively in the magmatic/hydrothermal environments transition zone. In fact, Aguilera et al. (2012) have suggested that LVC fumaroles emit a mixing of hydrothermal and deep magmatic fluids, where hydrothermal fluids are mainly originated from discontinuous shallow aquifers. In the case of alkali metals, its behaviour can be considered "normal", with decreasing of log EF i as follow Cs>Rb>K>Na, except in Last_Cond_1 where Rb>Cs. This order follows the principle that the volatilities of the elements increase with increasing atomic number in a group (Zelenski et al., 2014) . Three elements present the highest log EF i values in both samples, corresponding to iodine, chlorine and bromine, with log EF i >5 (Fig. 7a, b) , which correspond to halogen elements and are characterized by its high-volatility. According to Taran et al. (1995) Cl/Br ratio for marine sediments and/or fluids is 290, while Br/I ratio for seawater is 19.25 (Irwin and Roedder, 1995) . LVC samples have Cl/ Br ratios between 441 and 2,701, which is 1.5 and 9 times higher than marine ratio, whereas the Br/I ratios for LVC ranging from 1 and 9.57, values relatively closer than seawater ratio. Kudryavy volcano (Russia), an arc-related volcano in which high temperature discharges have been observed contributions of connate water from marine sediments, presents Br/I ratios that range from 0.12 to 1.4, while its iodine concentration ranging 1-12 ppm (Taran et al., 1995) . Considering the high Cl/Br and Br/I ratios, and iodine concentration that vary 0.07 and 2.05 ppm (Table 3) , similar than Kudryavy volcano, and exceeding those in the arc-related St. Helens volcano (USA; Le Guern, 1988) condensates by more than 3 order of magnitude (0.0005 ppm), could be interpreted that LVC fumaroles present contributions from marine sediments and/or intraporal seawater, added to the original magma during the subduction process, and represented by relative high contents and high log EF i of Br and I. High contributions of sediments during the subduction process have been also observed in LVC fumaroles by Aguilera et al. (2012) , represented by excess of N 2 , high values of CO 2 / 3 He and δ 13 C-CO 2 values closer to zero.
The main advantage of the use of EF parameter is to determine the origin of the elements, which is not possible directly from condensates and rock reference concentrations. In fact, only 5 elements from Last_Cond_1 and Last_Cond_2 samples, respectively, have higher concentration in comparison with rock concentrations (Fig. 8a, b) . From those elements, S, Cl, Br and I correspond to high-volatile elements, and should be expected to have more concentrations in condensates samples than rock samples. Consequently, EF parameter must be used to have a better interpretation of processes related to condensates samples.
Transport of the elements
The best way to evaluate the transport of the elements in the fumarolic emission is the weight ash fractions or WAF, which has been introduced by Aiuppa et al. (2003) . WAF is a measure that shows the contribution of silicate particles (ash) to the total amount of each of the elements in volcanic gas. WAF is closely related to the enrichment factor (EF) and is expressed as follow:
where the WAF values vary from 0 to 100%, differently to EF which can has positive and negative values, and span from unity to infinity. A WAF value equal to 100% means that an element is transported solely with the silicate aerosol. However, WAF values give no information about the presence of non-silicate aerosols in the gas (Zelensky et al., 2014) . WAF values for LVC are presented in order from low to high WAF in the Fig. 7a 
Fumarolic deposits mineralogy
Two types of deposits related to fumarolic activity can be found in LVC, sublimates, corresponding to minerals formed directly from the gas phase by vapour deposition, and incrustations, minerals produced by gas condensed and then cooled. In this work, both types of deposits will not be discriminated, and the mineral assemblage related to fumarolic deposits will be worked as a single deposit. Fumarolic deposits are characterized by presence mainly of native sulphur in massive and layered deposits, as well as in extensive flows (Fig. 2g) . Presence of well-formed sulphur crystals is very limited. Fumarolic deposits have diverse colorations, varying from pale yellow to black, and diverse intermediate colours as orange, red and grey (Fig. 2d, e, f) . One of most notable features are the liquid reddish flows that appear in the high temperature fumarolic vents (Fig. 2f) , produced by a fast condensation of fumarolic gas, which after few minutes solidify, forming a massive, but very limited flow. Seven mineral families, constituted by 11 minerals were found in the fumarolic deposits of LVC, corresponding to sulphates, hydrated sul phates, sulphides, halides, carbonates, silicates and native element minerals.
Sulphates
Two sulphates were recognized by XRD analysis, corresponding to bloedite [Na 2 Mg(SO 4 ) 2 ] and barite [BaSO 4 ]. Barite is a typical mineral found in fumarolic deposits as incrustations and sublimates (e.g., Africano and Bernard, 2000; Distler et al., 2002; Zimbelman et al., 2005; Zaitsev and Keller, 2006) , and its origin could be related to reaction of wall rock with fumarolic gases in a higher oxidized environment, probably related to surface conditions, and at very low pH (Africano and Bernard, 2000; Zaitsev and Keller, 2006) . On the other hand, despite that bloedite is a typical mineral from marine and lacustrine salt deposits, normally associated with halite and polyhalite, and formed under surface conditions in arid environments (e.g., Braitsch, 1971) , has been also reported in volcanic caves as stalactites (Benedetto et al., 1998; Porter, 2000; White, 2010) , probably related to the remobilization of sulphur deposits by meteoric water (Heliker et al., 2003) . In fact, bloedite in some volcanic caves appear associated with native sulphur (e.g., Benedetto et al., 1998) . Bloedite has been also indentified in secondary deposits related to hot springs and fumaroles in geothermal fields (Adams and Lynch, 2014; Okrugin et al., 2015) .
Hydrated sulphates
One of most common mineral present in acidsulphate alteration zone related to magmatic/hydrother mal environment is the alunite [KAl 3 (SO 4 ) 2 (OH) 6 ], which is the most representative mineral of advanced argillic alteration (Heald et al., 1987) . Alunite is formed between 15 and 400 ºC by the action of sulphate, which is generated from pyrite or by action of fumaroles. Al and K of Alunite can be leached from the wall rock and transported by acid solutions, which permeate into the surface (Hamasaki, 2002) . In the magmatic/hydrothermal environment, beginning at 400 ºC, and in the presence of water, SO 2 disproportionate as follow (Holland, 1965) :
Subsequent alteration of andesite by acid sulphuric action produces the assemblage alunite +kaolinite+silica+pyrite (Zimbelman et al., 2005 ). In the case of H 2 S, a typical compound of the hydrothermal fluids, under oxidizing conditions may form sulphuric acid by the next reaction:
where the alunite can be formed from the sulphuric acid, similarly then SO 2 disproportion (Zimbelman et al., 2005) . Low-temperature meteoric water or high-temperature magmatic fluids can produce this oxidation process, which is a source of sulphate for supergene acid-sulphate alteration (Zimbelman et al., 2005) . In the case of supergene alunite formation, alunite occurs at or below the water table (Rye et al., 2000) .
A chemically similar mineral than alunite correspond to potassium alum [KAl(SO 4 )•12(H 2 O)], which is typically formed from argillaceous rocks, nevertheless, also can be produced as fumarolic or solfataric precipitate (Anthony et al., 2003) . This mineral has been observed in volcanic structures as Vesuvius and Vulcano (Anthony et al., 2003) Murashko et al., 2013) . Potassium alum can be artificially produced by use of metallic aluminium, acid sulphuric and water, which reaction can be summarized as follow:
where potassium and aluminium can be represented in the nature as aqueous products derived from leaching of wall rocks, by interaction with meteoric water, and sulphate in its aqueous form, which can be derived directly from the absorption of gaseous sulphur compounds as SO 2 and/or H 2 S in water.
Similarly to bloedite, polyhalite [K 2 Ca 2 Mg(SO 4 ) 4 • 2H 2 O] is a typical evaporitic marine and non-marine mineral, and present very scarcely in volcanic environments, as sublimated mineral (Forti, 2005) . This hydrated mineral has been observed in volcanic caves and as a product of hydrothermal alteration of volcanic rocks in active volcanoes (Forti, 2005; del Moro et al., 2011) . The origin of polyhalite could be attributed to a strong hydrothermal alteration of volcanic rocks by very low pH fluids (del Moro et al., 2011) , sublimation from high temperature fumaroles, deposition from aerosols and vapours in low temperature fumaroles, and by alteration of volcanic rocks by oxidation and/or hydration processes (Forti, 2005 12 ] is a product of the reaction between galena and oxidizing pyrite, especially in lead deposits (Anthony et al., 2003) . This is consistent with the presence of pyrite, galena and Pb-bearing minerals in fumarolic deposits, like has been reported in diverse active volcanoes (e.g., Africano and Bernard, 2000; Africano et al., 2002; Yudovskaya et al., 2008) . However, in LVC only pyrite has been detected in fumarolic deposits, and the source for Pb could be inferred from at least two processes a. supplied directly from the gas phase, which is less probable due to its low concentration (Table 3) , or b. directly extracted from galena or another Pb-bearing mineral present in deeper parts of the volcanic structure. In our knowledge, there is no previous report of the presence of plumbojarosite in active fumarolic deposits.
Sulphides
Pyrite [FeS 2 ] is a common mineral present in acid-sulphate alteration zones related to magmatic/ hydrothermal systems from active volcanoes and geothermal systems (e.g., Browne, 1982; Heald et al., 1987; Ambrosio et al., 2010) . The assemblage constituted by alunite-pyrite-cristobalite has been typically observed in alteration zones and sublimates/ incrustations related to high temperature fumaroles in active volcanoes (e.g., Africano and Bernard, 2000; Zimbelman et al., 2005; Scher, 2012) . The formation of pyrite can be attributed to diverse processes as a. interaction between fumarolic fluids, specifically by presence of H 2 S, with Fe, which is extracted from the wall rock, especially in presence of minerals as magnetite and pyroxene (Browne, 1982; Zimbelman et al., 2005) , b. water-rock interaction and partial neutralization of acid-generating species, which may determine the precipitation of mineral phases as pyrite (Ambrosio et al., 2010) . Despite that pyrite can be formed in a wide range of temperatures, Agusto et al. (2004) observed a very fast formation of pyrite crystals (<1 hour) at 100 ºC.
Halides
The only halide detected in the fumarolic deposits corresponds to the hydrohalite [NaCl•2H 2 O], a mineral that normally is formed from seawater or in sediments of hypersaline lakes at near-freezing temperature (Anthony et al., 1997) . According to Dutch (2011) , hyper-hydrous minerals can occur in extremely wet settings such as mines and caves, fumaroles, and frozen hypersaline brines. Consequently, minerals as potassium alum and hydrohalite, both considered hyper-hydrous mineral, are suitable to appear in fumarolic deposits. Aguilera et al. (2012) indicate that a partial decreasing of chlorine contents in fumarolic emissions of LVC could be related to salt deposition/precipitation with decreasing temperatures. Consequently, that process would be reflected by hydrohalite formation, being the water source a shallow aquifer related to the hydrothermal system and/or water vapour from gas fumarole.
Carbonates
Fairchildite [K 2 Ca(CO 3 ) 2 ] is a carbonate that is part of a sodium-potassium series [Na 2 Ca(CO 3 ) 2 -K 2 Ca(CO 3 ) 2 ] constituted by nyerereite, fairchildite and bütschliite minerals, where fairchildite is the potassium end-member, and bütschliite its low temperature polymorph (Deer et al., 1998) . Fairchildite was originally described in wood-ash clinkers formed during forest fires (Milton and Axlrod, 1947) , however, Zhitova et al. (2009) described the presence of magmatic fairchildite in magnetite-hosted inclusion of carbonatite, whereas nyerereite, its sodium endmember, was reported in natrocarbonatites lavas from Oldoinyo Lengai volcano (Mckie and Frankis, 1976) . There no reports related to the presence of carbonatite lavas in LVC, and its presence could be related to secondary processes like transformation at high temperatures of carbonate minerals as calcite and/or aragonite, nevertheless, in our XRD analysis there is no evidence to the presence of those minerals. Consequently, its origin is controversial, and only could be inferred that fairchildite in LVC is result of the transformation of carbonate minerals present in deeper parts of the volcanic structure and/or as product of interaction of CO 2 from gas fumaroles with the wall rock. In our knowledge, there is no previous report of the presence of fairchildite in active fumarolic deposits.
Silicates
Cristobalite [SiO 2 ] is a typical product of the hydrothermal alteration of volcanic rocks. Presence of cristobalite is related to the presence of strong acid fluids, at temperatures normally <100 ºC, fluid pressures <15 bars (Hayashi, 1973; Browne, 1977) , typical conditions of acid-sulphate type hydrothermal alteration. However, cristobalite also can be formed at high temperatures in fumarolic discharges (>500 ºC), like have been observed in the Kudryavy and Usu volcanoes, in Russia and Japan, respectively (Africano and Bernard, 2000; Africano et al., 2003) . In a hydrothermal environment, the strong fluid-rock interaction, especially in presence of high temperature and strongly acid fluids, the initial dissolution of the rock forming silicates and volcanic glass results in silica precipitation (Papike et al., 1991; Africano and Bernard, 2000) . Especially in high temperature fumarolic emissions, the silica that forms the cristobalite seems to be transported in the vapour phase (Horwell et al., 2013) . The mineral assemblage formed by alunite-pyrite-cristobalite has been typically observed in strongly acid-sulphate alteration zones related to active volcanoes (e.g., Africano and Bernard, 2000; Zimbelman et al., 2005; Scher, 2012) .
Native element minerals
Native sulphur, elemental sulphur or simply sulphur [S 8 ] is the most common product of fumarolic activity in active volcanoes, by sublimation and/or condensed from fumarolic vents. At low temperature (<350 °C), elemental sulphur can be produced by the next reaction (Mitzutani and Sugiura, 1966) :
whereas at low temperatures (<200 °C) elemental sulphur can be produced as follow (Kusakabe and Komoda, 1992) :
In LVC, the extensive sulphur deposits appear in different colorations, varying from pale yellow, yellow, orange, red, grey, to black, being its zonation clearly observed near to fumarolic vents, where grey/ black sulphur appear in the inner parts of fumarolic vents, whereas pale yellow in the outer parts of fumarolic deposits (Fig. 2d) . According to Naranjo (1985 Naranjo ( , 1988 , its zonation is directly dependent of the sulphur formation temperature, where yellow/ orange sulphur is related to temperatures <130 °C, and black sulphur over ~240 °C.
Fumarolic deposit geochemistry
Chemistry of trace elements and some major elements as K and Al in fumarolic deposits was carried out (Table 5) , specifically, in the same samples used for mineralogical analysis. To better understand the processes related to the chemistry of fumarolic deposits and its relations with gas chemistry, the EF was again applied, but using Al as low-volatile reference element instead. One of most notable characteristics in all samples is the high log EF, especially if are compared with condensate samples. Sublimated/incrustations samples present log EF in a range that covers between 3.63 and 9.96 (Fig. 9a) , where the highest values are present in high-volatility elements as Sb, As and Cd, similarly than condensates samples. The high log EF values can be related to strong gas contributions, like was observed previously in the condensates samples, where almost the totally of elements are transported as gaseous species (Fig.  7c, d ). This could be responsible of high log EF values for typical rock-related elements like K and REE. However, diverse elements were not detected in some samples, like Sb, Cs, V, Mo, Co, Ni, Zn, Pb and Tm (Table 5) , mostly of elements with high log EF in the other samples, and probably is related that those samples correspond to wall rocks with mineral incrustations, and consequently, the gasrock interaction could be less intense. Similarly than condensate samples, only few elements present higher concentrations in sublimated/incrustations samples than rocks from LCV, corresponding to Pb, As, Cd, Sb in all samples where were detected, whereas Ta in LSTG 1-1, Cu, Ni, Ta in LSTG 1-2, and Ba. Zn, Ta in LSTG 1-3 (Fig. 9b) . As was observed previously, mostly of those elements correspond to high volatility elements (e.g., Sb, As, Cd), demonstrating the strong influence of gas-rock interaction and the incorporation of deep source or "magmatic" elements to the solid phase in the surface. 
Fluid inclusions
Microthermometric measurements were performed on 37 fluid inclusions, with sizes ranging from 5 to 8 μm, hosted in native sulphur crystals from thin pseudobanded cloudy material and aggregate mass (Fig. 10) . The sulphur has colours from bright yellow to pale yellow and grey, with grey patches and occasionally brittle greenish yellow crystalline sulphur aggregate filling voids. Inclusion shapes were typically a. elongate to rounded, oriented parallel to host crystal axes and along fractures; b. blocky to rectangular; or c. irregular. The fluid inclusions identified was monophasic (liquid L or gas G), mainly, and biphasic liquid-rich (L+G), very little size, at room temperature with a liquid-to-gas ratio (F = Volume Liquid phase /Volume Total fluid inclusion ) of 0.65-0.80. Occasionally the bubbles occur in patterns of thin lamination.
The gas bubbles appear dark under the microscope and the bubble phase in L+G inclusions generally observed to have a dark periphery. The gas bubbles Raman spectra of native sulphur, gaseous species and water obtained with the microprobe; c. Selected FTIR spectra of solutes in aqueous fluid, gas and water determined; liquid-rich, gas-rich and gas in liquid and gas fluid inclusions analysis. L: liquid, G: Gas, L+G: liquid and gas.
show an irregular distribution in their size (from a few microns to 16 microns) and coexist spatially with liquid-rich and two-phase fluid inclusions, heterogeneously trapped fluid inclusions (Fig. 10a) . Usually, the gas inclusions were affected by post mineralization events (e.g., necking-down).
The results of fluid inclusion microthermometry are summarized in Table 6 . The eutectic temperature (Te) of the aqueous inclusions was observed occasionally and lies between -21.1 and -21.7 ºC, indicating the possible presence of different salt types (e.g., NaCl, Na 2 SO 4 and Na 2 CO 3 ). It is noted that regardless of which is the predominant system, the error in the calculation of salinity (assuming all salts like NaCl) is relatively small. Microthermometric data for samples yield homogenization temperatures (Th) from 99° to 114 °C. The ice-melting temperature (Tm ice ) ranges from -4.8° to -6.7 °C; which corresponds to a salinity range of 7.6-10.1 wt% NaCl eq.
The figure 11 illustrates temperatures of homogenization versus salinity. Higher temperatures appear to be associated with higher salinities and lower temperatures associated with lower salinity. The distribution of microthermometric data shows a positive correlation trend, suggesting a dilution process during progressive mineralization of native sulphur. Additionally a population of fluid inclusions, the highest Th (~114 °C), has a variation in salinity from 8 to 10 wt% NaCl in a moderate vertical tendency data. This pattern suggests a possible subsurface boiling process and interaction with a steam-heated environment.
The Raman and FTIR analysis were performed in approximately 40 fluid inclusions, monophasic and biphasic, the size of the inclusions limiting in identifying components and solutes, especially biphasic fluid inclusions. Usually the native sulphur (S 8 ) was identified in the analysis. The dominant Raman bands of sulphur are at ∼82, 150, 187, 219, 437, and 470 cm −1 (Fig. 10b ). The bands in the 100 to 300 cm −1 region are due to S-S-S bending and the bands in the 400-500 cm −1 region are due to S-S stretching (Harvey and Butler, 1986; Frezzotti et al., 2012) . Additionally absorption band centred at ~462, 710, 796, 836, 848, 903 and 937 cm −1 were observed in FTIR spectra characteristic of native sulphur (Eckert and Steudel, 2003) (Fig. 10c) . Also, the FTIR showed the possible presence of kaolinite associated with the native sulphur (peaks 1,030, 1,000 and 940 cm −1
; Bikiaris et al., 2000) . Raman and FTIR analyses indicate the presence of H 2 S, SO 2 , CO 2 and CH 4 , mainly, and H 2 O, and COS, within the gas phase (Fig. 10b, c) 
Discussion and conclusions
According to condensate geochemistry, elements present in this fluid phase have two origins: a. deep source; b. shallow hydrothermal source. The deep source corresponds to a shallow and/or deep magmatic source, which supply different elements as Cl, S, As, Sb, among others, mostly of them characterized by its high-volatilities. However, a third source linked to that magmatic source can be added, which corresponds to contributions from marine sediments and/or intraporal seawater that are added to the original magma during the subduction process, by maturing/ dehydration of subducted sediments and further transporting to the upper mantle melting zones. The main elements related to those sediments/ seawater are bromine and iodine. Despite of the scarce supply of marine sediments in the northern Chile trench (Thornburg and Kulm, 1987) , this process seems to be highly effective, as suggested by Giggenbach (1992) , where >99% of subducted sediments are decomposed and incorporated to the upper mantle melt. The shallow hydrothermal source implies at least two processes, gas-rock and water-rock interaction. Gas-rock interaction seems to be the most important process, where the ascending gas interacts strongly with the wall rock, leaching and extracting typical "rock elements" as K, Na, Ca, Al, REE among others. Similarly, water-rock interaction is able to extract "rock elements", which could produce an increase in the concentration of those elements in the condensed gas. In consequence, condensates related to "more magmatic" fumarolic emissions, are characterized by very low pH, higher number of elements present, higher values of log EF for high-volatile elements (e.g., I, Cd, Br), but also high log EF values for low-volatile elements, as "rock elements", produced by partial incorporation of hydrothermal fluids to those emissions. Condensates related to "more hydrothermal" fumarolic emissions present low pH, lower numbers of elements present, and similar log EF values than "magmatic" emissions, both low and high-volatile elements. Mostly of elements are transported in the fumarolic emissions as gaseous species, while very few elements (Mg, Ca and Al) are transported in silicate aerosols. Sublimates and incrustations constitute the fumarolic deposits, which are directly related to gaseous emissions. Chemical data and microthermometric analysis from fluids discharged and deposits at the surface indicate a relatively shallow condensate layer fed by magmatic volatiles including SO 2 , H 2 S, CO 2 , CO, HCl and HF (Aguilera et al., 2012) . A wide spectrum of minerals is present, constituted by 11 minerals distributed in seven mineral families, corresponding to sulphates, hydrated sulphates, sulphides, halides, carbonates, silicates and native element minerals. Those minerals are mostly constituted by sulphate, sulphur, chlorine and diverse "rock elements" as Na, Mg, Ba, K, Al, Ca, Fe and SiO 2 , which are formed by a combination of different processes, summarized as follow:
a. Oxidation of SO 2 and H 2 S to form SO 4 2-, where the oxidation is favoured by entering of O 2 to the fumarolic vents, and/or interaction with groundwater.
b. Rock-fluids interaction represented by leaching and remobilization of the wall rock components by hyperacid solutions.
c. Dissolution of silicate minerals and volcanic glass, which produce that SiO 2 can be transported by vapour at high temperatures, and subsequently being deposited from acid fluids at low temperatures (~100 ºC by microthermometric data and the presence of amorphous and cryptocrystalline silica phases).
d. Gas-water interaction, represented by the reaction between groundwater and ascending fluids, can favour the processes to form hydrated minerals as alunite, kaolinite, potassium alum, polyhalite and plumbojarosite.
e. Deposition/precipitation of saline bearing minerals.
f. Oxidation of sublimates/incrustations to form secondary minerals, like oxidation of sulphide minerals.
g. Remobilization of sulphur deposits by meteoric water. Textures (e.g., banded) and positive trend of temperatures homogenization (<110 °C) data suggest local supergene processes.
The main characteristics of sublimates/incrustations minerals is that the totally are formed by typical "rock-elements" like Na, K, Mg, and are dominated by sulphate minerals, which is consistent with high contents of sulphur in its fumarolic deposits and relative high contents of sulphur-bearing species in the gaseous phase (Aguilera et al., 2012) . Those minerals present high log EF values for typical rock related elements (low-volatile elements) as alkali earth elements, REE among others, but also high log EF for high-volatile elements as As, Sb and Cd, which also present high concentrations in the sublimates/incrustations minerals (Fig. 9a, b) . However, the last is not compatible with the presence exclusively of minerals dominated by rock related elements. Those high contents is expected in presence of minerals dominated by high-volatile elements, like have been observed in different active volcanoes like in Kudryavy and Erta Ale (Yudovskaya et al., 2008; Zelenski et al., 2013) . Consequently, could be inferred that high-volatile elements are widely fixed in the cell structure of sublimates/incrustation minerals. The direct consequence of fluid-rock interaction is the development of hydrothermal alteration zones, being actually active that related to the fumarolic fields. The occurrence and distribution of hydrothermal alteration and thermal discharges depend on the relationship between permeability, faulting and topography that control movement of fluids, and the characteristics of the phenomena of recharge/ discharge of fluids. According to the satellite image processing, hydrothermal alteration in the fumarolic fields is constituted by clay minerals, alunite, iron oxides and goethite, where the alunite and kaolinite are the only minerals identified in the sublimate/ incrustation assemblage. The other minerals were not identified probably because no samples were taken from altered rocks. The assemblage clay minerals (e.g., kaolinite)-alunite is typical of the acid-sulphate alteration related to the action of acid fluids in the wall rock, like active fumaroles. The formation of subsurface hydrothermal alteration zone is believed to have formed under two different conditions: a. related to steam-heated acid sulphate water, and b. a direct contribution and/or disproportionation of volcanic gas. Lateral behaviour of alteration and deposits, and field evidences (Naranjo, 1985) indicates that the blanket acid leach zone at fumarolic deposit is formed in a steam-heated environment mainly. Moreover, the magmatic steam environment may be locally restricted in the zone, denoted by thermal anomalies targeted without substantial lateral development of its mineral assemblage (e.g., faults). The acid conditions are formed by the disproportionation of magmatic SO 2 and the presence of acids (e.g., HCl and HF, Aguilera et al., 2012) , subsequent to magmatic vapours being absorbed by ground water . Here acid sulphate alteration occurs dominantly as a stratabound blanket that caps the system, generally with opal, cristobalite, kaolinite, alunite, sulphides and native sulphur association, such as shown in volcanic geothermal systems (Henley and Ellis, 1983; Hedenquist, 1991) and epithermal deposits (Ebert and Rye, 1997; Cruz-Pérez et al., 2016) . Alunite may also form as a fumarole sublimate (Zimbelman et al., 2005) . The kaolinite is considered a product of magmatic hydrothermal alteration (deep source, presumably most concentrated at depth or focused in vents) overlapped by later steam-heated alteration and/or steam-heated environments (shallow hydrothermal source) (Ebert and Rye, 1997; Zimbelman et al., 2005) . Consequently, at least Espolón sur and Lastarria NE alteration zones seems to be also related to an ancient intense fumarolic activity, but in very extensive zones, where similar mineral assemblage is present, but with the additional presence of ferrous minerals. Finally, in the Lastarria S zone, where the alteration is poorly developed and only limited to the presence of clay minerals, the action of fumarolic fluids seems to be very limited and low intensity.
Fluid inclusions trapped in native sulphur provide a record of the chemical and thermal evolution of the fluids. The genesis of hydrothermal alteration can be related to: deep source and shallow hydrothermal source are consistent with fluid inclusion data, which provide evidence that two different origins that involved in deposition of native sulphur and hydrothermal mineral association. Evidence of possible deep source is a. the coincidence of magmatic recent high temperature gas, SO 2 -rich, emanation of volcanic system (Aguilera et al., 2012) and SO 2 , H 2 S and COS content in fluid inclusions. COS is a common low-level volatile in volcanic gases (e.g., eruptions of Mount St. Helens or Galeras volcano in Colombia; Rasmussen et al., 1982; Stix et al., 1996) , even geothermal systems related to volcanism (e.g., Lardarello geothermal field, Chiodini et al., 1991) ; b. relative high salinity of fluids (~10 wt% NaCl) (e.g., Hedenquist and Lowenstern, 1994) .
The temperature of homogenization (<114 °C) is consistent with a shallow hydrothermal source and the samples are grouped in the low temperature sulphur (<130 °C) suggested by Naranjo (1985 Naranjo ( , 1988 . Additionally, the content of gases such as H 2 O, CO 2 and CH 4 suggests a shallow hydrothermal source, from H 2 O-H 2 -CO 2 -CO-CH 4 vapour system (Chiodini and Marini, 1998) . The association of these gases and petrographic evidence of heterogeneously trapped fluid inclusions suggest a boiling process (e.g., Hedenquist and Henley, 1985; Canet et al., 2011) (Fig. 10) .
The behaviour of microthermometric data (Th versus salinity) shows the possible processes occurring in the deposition of native sulphur: boiling and dilution (Fig 11) . The positive trend data (LSTG 1-3 sample) evidences that a hot and saline fluid is mixed (diluted) with a cooler fluid. These trends are often observed in fluid inclusion data from Japanese hydrothermal deposits (Yajima, 1979) . The positive and subvertical trends of data (LSTG 2-1 sample) are the combination of two processes: a. boiling of a gas-rich fluid with b. subsequent dilution. The drop in salinity from ~11 to ~8 wt% NaCl is due to the loss of dissolved gas, and the dilution trend from ~8 to ~7 wt% NaCl would be from the gas-poor (boiled) fluid. LSTG 1-3 sample data present salinity values between ~9 and ~7 wt% NaCl, would indicate dilution of a relatively gas-rich (unboiled) fluid or mixing with aquifers or steamheated water. These processes have been verified in the Broadlands geothermal system (Hedenquist and Henley, 1985) . The extrapolation of a dilution trend to 0 wt% NaCl salinity (Fig. 11) would indicate that the dilutant was cold groundwater or a steamheated water, a phenomena typically observed in geothermal systems (Hedenquist and Henley, 1985) . The extrapolation of trend show a dilute fluids at <100 °C, assuming the presence of a steam-heated water environment.
